Saccharomyces cerevisiae haploid cells respond to extrinsic mating signals by forming polarized projections (shmoos), which are necessary for conjugation. We have examined the role of the putative lipid transporter, Arv1, in yeast mating, particularly the conserved Arv1 homology domain (AHD) within Arv1 and its role in this process. Previously it was shown that arv1 cells harbor defects in sphingolipid and glycosylphosphatidylinositol biosyntheses, and may harbor sterol trafficking defects. Here we demonstrate that arv1 cells are mating defective and cannot form shmoos. They lack the ability to initiate pheromone-induced G1 cell cycle arrest, due to failure to polarize PI(4,5)P 2 and the Ste5 scaffold, which results in weakened MAP kinase signaling activity. A mutant Ste5, Ste5 Q59L , which binds more tightly to the plasma membrane, suppresses the MAP kinase signaling defects of arv1 cells. Filipin staining shows arv1 cells contain altered levels of various sterol microdomains that persist throughout the mating process.
INTRODUCTION
The budding yeast Saccharomyces cerevisiae is viable as either a haploid or diploid cell.
There are two haploid cell types, MATa and MATα (MITCHELL 1994) . MATa cells secrete afactor pheromone and express the α-factor receptor, Ste2, while MATα cells secrete α-factor and express the a-factor receptor, Ste3 (BURKHOLDER and HARTWELL 1985; NAKAYAMA et al. 1985) .
Ste2 and Ste3 are both seven-transmembrane proteins that activate the pheromone response pathway upon the binding of their cognate pheromone ligand (CARTWRIGHT and TIPPER 1991) .
Ligand binding activates the receptor-bound G protein heterotrimer Gpa1-Ste4-Ste18, whereby the Gβγ subunit (Ste4-Ste18) dissociates from the Gα subunit (Gpa1) and subsequently transmits and amplifies the mating signal through effector pathways, which include a mitogen-activated protein (MAP) kinase cascade (NAKAYAMA et al. 1988; WANG and DOHLMAN 2004) . The Ste5 scaffolding protein recruits the MAP kinases Ste11, Ste7, and Fus3 in response to pheromone in order to initiate signaling. In turn, Ste5 is recruited to the plasma membrane by pheromone/receptor binding and subsequent interaction with the Gβγ dimer Ste4-Ste18, but also interacts with phosphatidyinositol 4,5-bisphosphate (PI(4,5)P 2 ) in the plasma membrane through its pleckstrin homology (PH) domain (GARRENTON et al. 2010; GARRENTON et al. 2006; WINTERS et al. 2005) . Activation of the pheromone response pathway results in G1 cell cycle arrest, mating-specific gene transcriptional induction, and changes in cytoskeletal structure, which allows for polarized cell growth and alterations in nuclear architecture, ultimately leading to cell fusion and formation of an a/α diploid (WANG and DOHLMAN 2004) .
In S. cerevisiae, pheromones stimulate the formation and growth of mating projections called shmoos. The site of polarization is determined by intrinsic and extrinsic signals.
Pheromones act as an extrinsic signal to induce membrane polarity during mating (MADDEN and SNYDER 1998) . Yeast cells exhibit a chemotaxic response to pheromone of the opposite mating type, whereby they initiate shmoo formation towards the source of pheromone (JACKSON et al. 1991; SEGALL 1993) . Once the site of shmoo formation has been established (CHENEVERT et al. 1994; KONOPKA et al. 1988) , the GTPase Cdc42 signals reorganization of the cytoskeleton and other polarized components of the cell (CHANG and PETER 2003) . A large protein complex, referred to as the polarisome, is also localized to the shmoo and is critical for proper shmoo site selection, formation, and growth (BIDLINGMAIER and SNYDER 2004) .
The putative lipid transporter, Arv1, contains a region known as the Arv1 homology domain (AHD), which is conserved across several fungal and metazoan species, including humans. How the AHD functions within various Arv1-dependent events is not known. It is known that Arv1 function is essential at high temperatures and in yeast mutants unable to esterify sterols (TINKELENBERG et al. 2000) . Moreover, arv1 cells harbor defects in sphingolipid metabolism (SWAIN et al. 2002) , GPI biosynthesis (KAJIWARA et al. 2008) , and may harbor defects in sterol trafficking (FEI et al. 2008; TINKELENBERG et al. 2000) . It has been suggested that Arv1 plays a role in cholesterol trafficking from the ER to plasma membrane in mammalian cells (TONG et al. 2010) . In the present work we show that arv1 yeast cells are mating defective.
Our results demonstrate roles for Arv1 in pheromone-induced MAP kinase signaling and sterol microdomain localization. The defects in sterol trafficking may lead to defects in MAP kinase scaffold Ste5 localization to the plasma membrane by reducing PI(4,5)P 2 polarization. Importantly, the AHD is required for all Arv1-dependent mating functions.
MATERIALS AND METHODS

Strains, media, and miscellaneous microbial techniques:
The yeast strains used in this study are derived from the W303 background. arv1::kan r and bar1::kan r strains were generated by a PCR-based knockout strategy using genomic DNA from arv1::kan r and bar1::kan r haploid strains, respectively, (Open Biosystems, Huntsville, AL) as a template. Yeast strains were grown in either YEPD (1% yeast extract, 2% bacto-peptone, 2% glucose), or in synthetic minimal media containing 0.67% Yeast Nitrogen Base (Difco, Sparks, MD) supplemented with the appropriate amino acids, adenine, and uracil. Yeast transformation was performed using the procedure described by Ito et. al. (ITO et al. 1983) . For routine propagation of plasmids, E. coli XL1-Blue cells were used and grown in LB medium supplemented with ampicillin (150 µg/ml). Bacterial transformations were carried out by electroporation methods. α-factor was purchased from Sigma Chemicals (St. Louis, MO).
All plasmids containing the AHD and Arv1 lacking AHD (ΔAHD) are under the control of the ARV1 promoter and are C-terminally tagged with 3HA in the vector pRS416 ( Figure 1A ). (WINTERS et al. 2005) , and CEN TRP1 pGAL1-STE5ΔN-CTM (PRYCIAK and HUNTRESS 1998) . The following plasmid was a gift from Jeremy Thorner: CEN LEU2 pGAL1-GST-GFP-PH PLCδ (GARRENTON et al. 2010; WINTERS et al. 2005) .
Protein extraction and immunoblotting:
Protein was extracted using the NaOH/TCA cell lysis/protein extraction protocol as previously described (GARRENTON et al. 2010) . 3HA
tagged Arv1 constructs were detected using anti-HA (clone 16B12) from Covance (Princeton, NJ). Pgk1 was used as a loading control (Invitrogen).
Qualitative limited mating plate assays: On day one, cells to be assayed for mating were patched onto a YEPD plate and grown at 30° for one day to generate a master plate. In addition, cells of the opposite mating type were grown in liquid medium so that they reached exponential phase on day two. On day two, 1 X 10 6 of these exponentially grown cells were spread evenly across a YEPD plate and allowed to dry for several hours. The master plate was then replica plated onto the dried YEPD plate and incubated for 3 hr at 30°. Diploid progeny were then selected for using the appropriate minimal medium plate, and diploids were allowed to grow for 24 hr at 30°.
Quantitative limited mating liquid assays: Cells were grown to exponential phase in synthetic complete or synthetic drop out medium. Cell density was determined at an optical density of 600 nm. 1 X 10 7 cells of the mating control strain were mixed with 1 X 10 6 cells of the tester strain in YEPD. The cell mixture was transferred onto 0.45 µm MF membrane filters (Millipore, Billerica, MA), placed onto YEPD plates, and incubated for 3 hours at 30°. As a control for haploid cell growth, 1 X 10 6 cells of the tester strain were also transferred to a filter.
After incubation, cells were transferred to microfuge tubes for 10-fold serial dilutions. 100 µL aliquots of cells from filters containing the mating control and tester strains were spread onto the appropriate synthetic minimal medium plates to select for diploid cells. Aliquots from filters, which only contained the haploid tester strain, were spread onto YEPD plates. Plates were incubated at 30° for two days and then colonies were counted. Mating efficiency was calculated as the number of diploid colonies divided by the number of haploid colonies.
Determination of the rate of shmoo formation: MATa haploid cells were grown to 2.0 x 10 7 cells/ml in synthetic media. Cells were subsequently stimulated with 20 µg/ml α-factor.
Cell aliquots were taken from α-factor treated cultures at 0, 1.5, 3, 4.5 and 7.5 hr, fixed with 3.7% electron microscopy (E.M.) grade formaldehyde and washed twice with sterile water before visualizing shmoo formation using light microscopy and Nomarski optics. 300 cells were analyzed to determine the percentage of shmoo forming cells.
Cell cycle analysis:
For FACS experiments, MATa bar1 haploid cells were grown to 2 X 10 7 cells/mL in synthetic media. Cells were subsequently stimulated with 20 µg/mL α-factor and incubated at 30º. Cell aliquots were taken from α-factor treated cultures at 0, 1.5, 3, 4.5 and 7.5 hr and fixed in 70% ethanol overnight at -20º. Cells were sonicated briefly to disrupt cell aggregates and incubated with 1 mg/mL RNAse A at 50° for 1 hr. Cells were incubated in 50 µg/mL Propidium Iodide (Sigma Chemicals, St. Louis, MO) for 15 min at 4°, then washed before FACS analysis on a BD FACSCalibur. Data was analyzed using BD CellQuest software.
β-galactosidase assays: Activation of integrated FUS1-lacZ by galactose-inducible constructs was measured 4 hr after adding 2% galactose to cultures grown in 2% raffinose media.
To measure effects of α-factor on FUS1-lacZ induction, cells were grown in 2% glucose media, and induced with 10 µg/mL of α-factor for 2 hr. Total cell extracts were obtained and assayed for β-galactosidase activity using chlorophenol red-β-D-galactopyrasonide (CPRG) (Roche, Belvidere, NJ) as the substrate as described in the CLONTECH Yeast Protocols Handbook expressing Ste5-GFPx3 were treated with 20 µg/mL of α-factor for 1 hr before they were visualized. Cells containing pGAL1-GST-GFP-PH PLCδ1 were grown in media containing 2% raffinose and induced with 2% galactose for 3 hr; 20 µg/mL of α-factor was added for during the last hour of galactose induction.
To examine sterol lipid distribution using filipin, cells were first grown to 2 X 10 7 cells/mL in synthetic medium. They were then fixed with 3.7% E.M. grade formaldehyde for 10 min at 23° under constant mixing. Fixed cells were centrifuged and washed twice with distilled water. Washed cells were incubated with 100 µg/mL filipin complex (Sigma Chemicals) in the dark for 15 min at 23°. Filipin fluorescence was observed with UV optics using a Leica DMR fluorescence microscope.
Statistical analysis: Student's t-tests were used to determine significance of data. All data compared to results from wild type cells.
RESULTS
arv1 cells are defective in mating:
During the course of isolating temperature sensitive suppressors of arv1, we discovered that mutant haploids harbored defects in their ability to mate and form diploid progeny. We characterized this defect to gain a better understanding of the physiological functions of Arv1. We first used qualitative limited mating plate assays to determine if the mating defect was mating-type specific (CHENEVERT et al. 1994) . Both arv1
MATa and MATα cells harbored mating defects when mated to the opposite wild type mating partner ( Figure 2 ). Moreover, the mating defect was more severe when arv1 cells were mated to each other. Quantitative limited mating liquid assays showed that arv1 MATa cells had a 16-fold reduction in mating efficiency and arv1 MATα cells were 13-fold reduced when mated to wild-type cells (Table 1) . Thus, arv1 cells harbor a unilateral mating defect (BERLIN et al. 1991) .
In agreement with our qualitative plate assays, the low level mating observed in our quantitative assay was further reduced when arv1 cells were mated to one another.
We next wanted to know if the conserved Arv1 homology domain was required for mating. Western analysis showed that 3HA-tagged Arv1 ( Figure 1B , lane 1) and AHD ( Figure   1B , lane 2) constructs were expressed equally; the ΔAHD construct was not detected. Because the ΔAHD partially rescues defects associated with ARV1 deletion (see below), we believe ΔAHD protein is present, but is localized to a fraction we are unable to recover using our protein isolation protocol. However, we point out the possibility that increased expression of the ΔAHD may have the ability to fully recover arv1 associated defects illustrated below.
Quantitative mating assays revealed that MATa and MATα cells expressing only the AHD were mating competent when crossed to ARV1 cells (Table 2) . Both MATα and MATa cells lacking the AHD (ΔAHD) had a three-to four-fold decrease, respectively, in mating efficiency when crossed to ARV1 cells. It must be pointed out that the decreased mating of ∆AHD cells was not as severe as arv1 matings (Table 1) . Based on these results, we conclude that the AHD of Arv1 is required for wild type mating.
arv1 cells have defects in shmoo formation: To explore the reason for the mating defect, we first asked whether arv1 cells could form shmoos in the presence of pheromone. All strains were bar1, which sensitizes the cells to α-factor treatment; BAR1 encodes an aspartyl protease that is secreted by MATa cells and is responsible for the cleavage and inactivation of α-factor (JONES 1984) . arv1 bar1 MATa cells were incubated with 20 µg/ml α-factor and the percentage of shmoos formed was determined over time using light microscopy. We observed that arv1 bar1 cells harbored a severe defect in shmoo formation when compared to the arv1 bar1 cells expressing full-length ARV1 (Figure 3 ). At 3 hr post α-factor treatment ~65% of ARV1 expressing cells formed shmoos, as compared to only 3% in arv1 bar1 cells (Figure 3 ).
When we expressed the AHD in arv1 bar1 cells, it restored shmoo formation to nearly ARV1 levels while cells expressing ∆AHD had reduced shmoo formation (31% at 3 hr) ( Figure 3 ).
Thus arv1 bar1 cells harbor a defect in pheromone-induced polarized growth which can be suppressed by expression of the AHD.
arv1 cells cannot initiate pheromone-induced G1 cell cycle arrest: To further explore why arv1 cells are mating defective and unable to form shmoos, we assayed for their ability to initiate α-factor-induced G1 cell cycle arrest. We treated cells with α-factor and determined cell cycle status by performing FACS analysis on propidium iodide stained cells. As shown in Figure 4 , nearly all bar1 and arv1 bar1 cells expressing full-length ARV1 arrested after 3 hr, whereas arv1 bar1 cells were severely delayed in their ability to arrest. During the 7.5 hr time course, arv1 bar1 cells did not enter complete G1 cell cycle arrest.
Since expression of the AHD restored mating and shmoo formation in arv1 cells, we determined if the AHD could remediate the pheromone-induced G1 cell cycle arrest phenotype.
Cells expressing the AHD induced G1 cell cycle arrest by 3 hr, with the population of arrested cells being nearly identical to the wild type population by 4.5 hr (Figure 4 ). On the other hand, cells expressing the ΔAHD were delayed in initiating cell cycle arrest and had less cells arrested in G1 phase at 3 hr when compared to bar1 cells (Figure 4) . However, by 7.5 hr, more ΔAHD cells had entered G1 cell cycle arrest than arv1 bar1 cells. Thus, the AHD of Arv1 plays a major role in initiating pheromone-induced cell cycle arrest.
The pheromone signaling pathway is defective in arv1 cells: In addition to stimulating
Far1 to induce G1 cell cycle arrest, the MAP kinase pheromone response pathway activates the transcription factor Ste12, which binds to pheromone response elements (PREs) within pheromone-regulated promoters and induces the transcription of genes required for mating, including FUS1 (DOLAN and FIELDS 1990; DOLAN et al. 1989; KRONSTAD et al. 1987; VAN ARSDELL et al. 1987) . Thus, we explored if the cell cycle arrest phenotype of arv1 cells was due to defects in MAP kinase signaling. We used various strains harboring FUS1-lacZ integrated at the FUS1 locus as a read-out for pathway activation.
Cells were treated with α-factor and promoter activity was assayed after 2 hr. Under these conditions, wild type cells had a relative FUS1 promoter activity that resulted in a steady state value of 44 β-gal Units ( Figure 5A ). FUS1 promoter activity in arv1 cells was decreased by nearly 50%. The expression of full-length Arv1 restored promoter activity to a value that was not statistically different than wild type cells. Unexpectedly, we observed that FUS1 promoter activity in cells expressing the AHD was decreased when compared to wild type cells ( Figure   5A ). This result correlates with the fact that arv1 cells expressing the AHD have a slight delay in initiating cell cycle arrest (Figure 4 ). arv1 cells expressing ΔAHD also showed a similar defect in FUS1 promoter activity.
To further resolve if MAP kinase signaling was defective in arv1 cells, we overexpressed
Ste12 and examined FUS1 promoter activity. The overexpression of Ste12 has been shown to suppress the mating defect of ste mutants and increase transcription of pheromone-inducible genes (DOLAN and FIELDS 1990) . We observed that Ste12 overexpression rescued the signaling defect of arv1 cells and arv1 cells expressing the AHD or ∆AHD constructs ( Figure 5B ).
Together, these data suggest that arv1 cells have a defect in pheromone-induced MAP kinase signaling that results in the inability to induce cell cycle arrest.
Plasma membrane recruitment of the MAP kinase scaffold Ste5 suppresses the signaling defects of arv1 cells: Since arv1 cells have a weakened pheromone-induced MAP kinase signaling response ( Figure 5 ), we explored whether activating the pathway through constitutive Ste5 plasma membrane targeting had any effect on signaling in arv1 cells. Ste5 can be targeted artificially to the plasma membrane to activate the mating pathway in the absence of Gβγ or pheromone (PRYCIAK and HUNTRESS 1998; WINTERS et al. 2005) . Plasma membrane targeted Ste5 still requires Ste20 p21-activated kinase, the Cdc24 guanine exchange factor and Cdc42 (PRYCIAK and HUNTRESS 1998; WINTERS et al. 2005) . One mutant, Ste5 Q59L , is targeted to the membrane because it harbors a more hydrophobic PM domain (WINTERS et al. 2005) . The Ste5ΔN-CTM chimera, which lacks a portion of its amino terminus, is targeted to the membrane by the Snc2 transmembrane domain and it also activates MAP kinase signaling (PRYCIAK and HUNTRESS 1998).
We overexpressed these artificially targeted forms of Ste5 in cells and assayed FUS1-lacZ promoter activity. Ste5 Q59L was able to activate MAP kinase signaling to a similar extent in all strains tested ( Figure 6A ), whereas Ste5ΔN-CTM required the presence of either full-length Arv1 or the AHD for full activation ( Figure 6B ). arv1 and ΔAHD cells expressing Ste5ΔN-CTM had diminished FUS1-lacZ activity ( Figure 6B ), whereas arv1 and ΔAHD cells expressing Ste5 Q59L ( Figure 6A ), which binds more efficiently to the membrane, were signaling competent.
These data suggest that Arv1 function, in particular AHD activity, may be required for efficient targeting of Ste5 to the plasma membrane in response to pheromone signaling. Thus, the mating defects of arv1 cells may result from mislocalization of Ste5.
To more directly address the role of Arv1 in Ste5 recruitment to the plasma membrane, we treated cells expressing GFP-tagged Ste5 with α-factor for 1 hr and counted cells with polarized Ste5. ~30% of wild type cells had polarized Ste5-GFP, while only 16% of arv1 cells contained polarized Ste5-GFP ( Figure 6C ). Expression of Arv1, AHD, and ΔAHD in arv1 cells rescued the Ste5-GFP localization defect ( Figure 6C ). These data suggest that Ste5 is not localized efficiently in arv1 cells during mating and that expression of the N-terminal or Cterminal segments of Arv1 recover the Ste5 localization defect.
It has been shown that polarized PI(4,5)P 2 in the plasma membrane interacts with the pleckstrin homology (PH) domain in Ste5 to cluster Ste5 (GARRENTON et al. 2010; GARRENTON et al. 2006; WINTERS et al. 2005) and that ergosterol promotes PI(4,5)P 2 polarity (JIN et al. 2008) . To determine if the sterol trafficking defects in arv1 cells contribute to defects in PI(4,5)P 2 polarization in response to pheromone, we examined the localization of GST-GFP-PH PLCδ after treating cells with α-factor. The PH domain of mammalian PLCδ binds to PI(4,5)P 2 with high specificity and affinity (HURLEY and MEYER 2001; LEMMON and FERGUSON 2000) .
41% of wild type cells have polarized PI(4,5)P 2 while only ~1% of arv1 cells contain polarized PI(4,5)P 2 after α-factor treatment ( Figure 6D ). Expression of full-length Arv1 rescues defects in PI(4,5)P 2 polarization. Expression of the AHD partially rescues the PI(4,5)P 2 polarity defect seen in arv1 cells (15%) while expression of ΔAHD does not (~2.5%) ( Figure 6D ). Data are consistent with a model in which the sterol trafficking defects of arv1 cells disrupt PI(4,5)P 2 polarization and, in turn, leads to diminished polarization of the MAP kinase scaffold Ste5 in response to pheromone. (ELION 1995; STEVENSON et al. 1992 ).
Expression of N-terminally truncated
When we overexpressed Ste11-Cpr in arv1 cells, we found they still harbored a severe defect in MAP kinase signaling, retaining only 30% of the FUS1-lacZ promoter activity observed in wild type cells ( Figure 7A ); arv1 cells treated with α-factor retain ~55% FUS1-lacZ promoter activity ( Figure 5A ). Although promoter activity did increase in arv1 cells expressing the AHD or ∆AHD, the values were still decreased from that seen in wild type cells (66% and 49%, respectively). Thus the overexpression of Ste11-Cpr only weakly suppressed the signaling defects of arv1 cells harboring the AHD or ∆AHD functional domains of Arv1.
When we overexpressed Ste11∆N in arv1 cells, it stimulated FUS1-lacZ promoter activity to a greater extent than Ste11-Cpr (67% vs 30% of wild type stimulation), but it remained reduced when compared to wild type cells ( Figure 7B ). However, in contrast to 
Overexpression of Gβ Ste4 does not recover pheromone signaling defect of arv1
cells: As discussed above, the pheromone-activated Gβγ Ste4-Ste18 heterodimer plays a role in recruiting Ste5 to the plasma membrane (WINTERS et al. 2005) . If the pheromone-induced MAP kinase signaling defect seen in arv1 cells arises from weakened pheromone-receptor signaling, rather than from poor trafficking of Ste5 to the plasma membrane, we would hypothesize that Ste4 (Gβ) overexpression in arv1 cells would remediate the MAP kinase signaling defect ( Figure   5A ). As shown in Figure 8 , Ste4 overexpression failed to rescue the MAP kinase signaling defects observed in arv1 and arv1 cells expressing the AHD or ΔAHD. (KAWASAKI et al. 1985) . Based on our results, we believe that the observed filipin/FM4-64 colocalization is an artifact of membrane permeabilization and cell death by filipin, which allows for rapid uptake of FM4-64 at the site of membrane damage (VALDEZ-TAUBAS and PELHAM 2003).
Beh and colleagues have used filipin staining to examine the cellular localization of unesterified sterol (FEI et al. 2008) . The majority was found within lipid microdomains that were associated with the plasma membrane, with cytoplasmic punctate structures, and with membrane strands that may be associated with the ER. Based on the percentage distribution within these structures and the differences they observed between arv1 and wild type cells, they hypothesized that Arv1 regulates the movement and localization of unesterified sterol in cells.
Since others have also suggested a role for Arv1 in lipid trafficking (TINKELENBERG et al. 2000) , we decided to examine the distribution of sterol within these various microdomains during mating using filipin to see if arv1 cells could distribute sterol properly during conjugation.
The lipid microdomain distribution we observed during vegetative growth in wild type and arv1 cells grown in the absence of α-factor were similar to those previously reported (FEI et al. 2008) . Thus, we treated cells with α-factor and determined the percentages of the various filipin staining patterns ( Figure 9 ).
We observed several trends emerging in treated bar1 cells. First, ~76% of shmoocontaining cells localized a portion or all of their unesterified sterol to the shmoo tip (Table 3; polar, m.s. polar, and pun. polar) . Second, a large percentage (~83%) of these cells also had sterol localized to cytoplasmic punctate or membrane strand structures (Table 3; m.s. polar, and pun. polar) . These results indicate that the distribution/trafficking of sterol between these structures is dynamic and influenced by the initiation of mating and polarized shmoo formation.
Since arv1 bar1 cells are severely delayed in shmoo formation (Figure 3) , we examined sterol localization at 7.5 hr post α-factor treatment to see if cells eventually distributed their sterol as wild type cells did at 3 hr. We chose not to determine values for bar1 cells at 7.5 hr post treatment, as the majority of cells contained more than one shmoo or a single highly elongated shmoo (BIDLINGMAIER and SNYDER 2004) . Importantly, we found that arv1 bar1 cells continued to have altered sterol distribution patterns. While ~76% of bar1 cells containing shmoos polarized their sterol at 3 hr, only 38% of arv1 bar1 cells with shmoos were within the polarized categories at 7.5 hr (Table 3) . Moreover, the arv1 bar1 cell population containing shmoos had a greater percentage of cells with membrane strand-localized sterol (Table 3; m.s.) than the wild type population (Table 3; m.s.) . Thus, the sterol distribution within these dynamic structures during mating is greatly altered in arv1 bar1 cells.
We then asked if the expression of the AHD or ∆AHD in arv1 bar1 cells could restore normal sterol trafficking. After a 3 hr α-factor treatment, arv1 bar1 cells expressing the AHD localized sterols to the shmoo tip with a similar efficiency as wild type cells (66% versus 78%
(data not shown)), while only 35% of the ΔAHD cells had properly localized their sterol content (data not shown). Thus the AHD of Arv1 is sufficient to initiate and maintain pheromoneinduced sterol trafficking during mating.
DISCUSSION
Based on our data, we believe that failure of arv1 cells to polarize PI(4,5)P 2 in response to pheromone treatment results in diminished polarization of the MAP kinase scaffold protein Ste5; this leads to weakened MAP kinase signaling and decreased mating in arv1 cells. Defects in sterol microdomain trafficking and localization in response to pheromone treatment in arv1 cells may also play a role in the mating defect. Importantly, our studies show that the conserved AHD of Arv1 is sufficient for pheromone induced G1 cell cycle arrest, shmoo formation, proper pheromone-induced sterol trafficking, and subsequent conjugation and progeny formation.
arv1 cells harbor defects in sphingolipid and GPI synthesis, and although their overall sterol content is normal, our data, as well as that of others, strongly suggests these lipids are trafficked improperly and thus are mislocalized (FEI et al. 2008; KAJIWARA et al. 2008; SWAIN et al. 2002; TINKELENBERG et al. 2000) . Membrane microdomains, also known as lipid rafts, are sphingolipid and sterol-rich regions of the plasma membrane, which are capable of mediating membrane sorting, cell adhesion, and signal transduction (HARDER et al. 1998) . Lipid rafts are capable of polarized protein recruitment that results in signal transduction (BROWN and LONDON 1998; SIMONS and IKONEN 1997; SIMONS and TOOMRE 2000) . S. cerevisiae displays lipiddependent cell polarity during cell budding and mating (CHANT 1999). erg6 and lcb1-100 lcb3 mutants, which lack Δ(24)-sterol C-methyltransferase and serine palmitoyltransferase-long chain sphingoid base kinase, respectively, do not polarize Fus1 to the shmoo tip and have reduced mating efficiency (BAGNAT and SIMONS 2002a) . Fus1, a membrane protein that localizes to the shmoo tip, is required for cell fusion (TRUEHEART et al. 1987; TRUEHEART and FINK 1989) .
Moreover, lipid rafts preferentially localize to the shmoo tip during mating (BAGNAT and SIMONS 2002a) , suggesting an important role for these lipid microdomains in generating membrane polarization during conjugation. Our data further supports this idea.
There are many instances demonstrating roles for membrane lipids in signaling.
Disrupting ergosterol or sphingolipid biosynthesis with mutations to erg2, erg3, and lcb1 ts reduces α-factor induced FUS1 transcription (JIN et al. 2008) . Moreover, erg3 mutants do not effectively recruit GFP-Ste5 to shmoo tips and it has been shown that overexpression of the membrane targeted chimera Ste5ΔN-CTM in ergosterol depleted cells partially rescues FUS1
transcription (JIN et al. 2008) .
arv1 cells have a slight defect in the ER to Golgi transport of the GPI-anchored proteins Gas1 and Yps1, while there is no vacuolar trafficking defect in CPY (KAJIWARA et al. 2008 ).
Thus general vesicle-mediated trafficking is only slightly affected in arv1 cells, and most likely does not contribute to the mating defects observed. In addition, the kinetics of α-factor internalization in mutant cells is similar to that seen in wild type, indicating that pheromone receptors are localized properly and are functional (KAJIWARA et al. 2008) . Therefore, it is unlikely Ste5 mislocalization results from defects in general protein trafficking.
In addition to having defects in sphingolipid and GPI syntheses, arv1 cells harbor defects in phospholipid biosynthesis and metabolism (SWAIN et al. 2002) . Ste5 has an N-terminal amphipathic α-helix which is important for nuclear localization and membrane binding (WINTERS et al. 2005) . Ste5 also contains a PH domain which is required for Ste5 recruitment to the plasma membrane and for its function. Importantly, the Ste5 PH domain binds to PI(4,5)P 2 (GARRENTON et al. 2010; GARRENTON et al. 2006; WINTERS et al. 2005) . Interestingly, it has been shown that erg6 mutants have less PI(4,5)P 2 polarized to the shmoo tip, potentially influencing membrane recruitment of the PI(4,5)P 2 binding proteins Ste5 and Far1 (JIN et al. 2008) . We have shown that arv1 cells have a PI(4,5)P 2 polarization defect when treated with α-factor ( Figure 6D ). We believe that altered sterol distribution in polarized arv1 cells affects PI(4,5)P 2 polarization, which in turn affects Ste5 recruitment. Ste5 is also tethered to the plasma membrane by interaction with activated Gβγ and directly associates through a plasma membrane binding domain (PRYCIAK and HUNTRESS 1998) . Expression of the AHD partially recovers defects in PI(4,5)P 2 polarization, and fully recovers defects in Ste5 recruitment. These results suggest expression of the AHD alone can remediate some of the lipid/sterol defects of arv1 cells.
It is also of note that expression of the ΔAHD recovers defects in Ste5 recruitment but has no effect on defects in PI(4,5)P 2 polarization. This suggests that in cells expressing the ΔAHD, Ste5
is able to associate with the plasma membrane by interacting through other membrane associating domains.
The AHD is highly conserved in many species, including yeasts, plants, and animals (TINKELENBERG et al. 2000) . While only 61 residues long, expression of the AHD in arv1 cells rescues defects in pheromone induced G1 cell cycle arrest, shmoo formation, sterol trafficking, mating, and pheromone signaling when we express Ste5-CTM, Ste11ΔN, and to a lesser extent, Ste11-Cpr. We used the fluorescent polyene compound filipin to examine ergosterol trafficking and localization in fixed cells. By fixing the cells in formaldehyde, we effectively stop cellular activity and can evaluate ergosterol localization in static cells. Fixation permeabilizes cells, allowing for filipin staining of intracellular ergosterol. We believe that while filipin staining can be used in live cell experiments, it must be done quickly to avoid cell death and aberrant membrane localization of filipin; this method has been properly demonstrated (BAGNAT and SIMONS 2002a) .
There is accumulating data supporting the role of lipid rafts in cell polarity in S.
cerevisiae (BAGNAT and SIMONS 2002a; BAGNAT and SIMONS 2002b; RAJENDRAN and SIMONS 2005) . Yeast exhibit cell surface polarity during budding and mating (HARDER et al. 1998 ).
However, we point out that the existence and function of lipid rafts in S. cerevisiae is still the subject of debate (WACHTLER and BALASUBRAMANIAN 2006) . In mammalian cells, lipid rafts are well characterized, and they play an important role in signal transduction and cell motility (HOEKSTRA et al. 2003) . In general terms, they are critical for and have a fundamental role in the delivery of various cargos to different parts of the plasma membrane (SCHUCK and SIMONS 2004) . For example, they target proteins and lipids to basolateral and apical membrane domains during cell polarity development of epithelial cells and regulate the transport of proteins to the axonal and somatodendritic domains in neurons (HOEKSTRA et al. 2003 ). Here we have demonstrated a role for Arv1 and the AHD in sterol trafficking and localization, in our case a critical function required for mating. The conservation of Arv1 among eukaryotes, including humans (FORES et al. 2006; SWAIN et al. 2002) , points to the metazoan protein regulating lipiddependent polarity. * Mutant is defined as the Arv1 mutant being tested (AHD or ΔAHD). Exponentially grown cells were treated with α-factor as indicated and then stained with filipin.
* Lipid microdomain categories: m. s., membrane strands; pun., cytoplasmic punctate. † Number of cells counted. Mating was performed at 30 o C for 3 hr. Diploid progeny were selected by replica plating onto the appropriate media and allowed to grow for one day at 30 o C. signaling is rescued by overexpression of Ste5 Q59L . pGAL1-Ste5 Q59L -GFP was expressed in strains described in Figure 5A . FUS1-lacZ induction was measured 4 hr after galactose treatment (without α-factor) (mean ± SEM, n=3). (B) Expression of Ste5ΔN-CTM does not rescue signaling defect in arv1 or ΔAHD cells. pGAL1-Ste5ΔN-CTM-GFP was expressed in strains described in Figure 5A . FUS1-lacZ induction was measured 4 hr after galactose treatment (without α-factor) (mean ± SEM, n=4, *p<0.01). (C) Ste5-GFP was expressed in cells.
Cells with polarized Ste5-GFP were counted after 1 hr α-factor treatment (mean ± SEM, n=4, *p<0.001). (D) Cells with pGAL1-GST-GFP-PH PLCδ were treated with galactose for 3 hr. α-factor was added during the last 1 hr of galactose treatment. Cells with polarized PI(4,5)P 2 were counted (mean ± SEM, n=3, *p<0.005, **p<0.001). Ste11ΔN expression does not rescue signaling defect in arv1 or ΔAHD cells. pGAL1-Ste11ΔN was expressed in strains described in Figure 5A . FUS1-lacZ induction was measured 4 hr after galactose treatment (without α-factor) (mean ± SEM, n=4, *p<0.01, **p<0.001). Table 3 are represented. Arrows indicate location of membrane strands.
